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Abstract
The satellite RNA of Bamboo mosaic virus (satBaMV) contains on open reading frame for a 20-kDa protein that is flanked by a
5-untranslated region (UTR) of 159 nucleotides (nt) and a 3-UTR of 129 nt. A secondary structure was predicted for the 5-UTR of
satBaMV RNA, which folds into a large stem-loop (LSL) and a small stem-loop. Enzymatic probing confirmed the existence of LSL (nt
8–138) in the 5-UTR. The essential cis-acting sequences in the 5-UTR required for satBaMV RNA replication were determined by
deletion and substitution mutagenesis. Their replication efficiencies were analyzed in Nicotiana benthamiana protoplasts and Chenopodium
quinoa plants coinoculated with helper BaMV RNA. All deletion mutants abolished the replication of satBaMV RNA, whereas mutations
introduced in most of the loop regions and stems showed either no replication or a decreased replication efficiency. Mutations that affected
the positive-strand satBaMV RNA accumulation also affected the accumulation of negative-strand RNA; however, the accumulation of
genomic and subgenomic RNAs of BaMV were not affected. Moreover, covariation analyses of natural satBaMV variants provide
substantial evidence that the secondary structure in the 5-UTR of satBaMV is necessary for efficient replication.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Satellite RNAs associated with many plant RNA viruses
ranging from 194 nucleotides (nt) to about 1500 nt in size
are completely dependent on the helper virus for replication,
encapsidation, and systemic spread (Roossinck et al., 1992).
Studies on several plant positive-sense satellite RNAs have
provided evidence for the presence of cis-acting sequences
and/or structures that are necessary for replication. cis-
acting signals that are required for replication have been
examined for satellite RNAs associated with a number of
viruses, including Arabis mosaic virus (ArMV) (Liu et al.,
1991), Beet necrotic yellow vein virus (BNYVV) (Jupin et
al., 1990), Cymbidium ringspot virus (CymRSV) (Dalmay
and Rubino, 1995), Grapevine fanleaf virus (GFLV) (Hans
et al., 1993), Groundnut rosette virus (GRV) (Taliansky and
Robinson, 1997), and Turnip crinkle virus (TCV) (Carpen-
ter and Simon, 1998; Guan et al., 2000), etc. For mRNA-
type satellite RNA, the 5-untranslated region (UTR) ap-
pears to be essential for the productive accumulation of
satellite RNAs of ArMV, BNYVV, GFLV, and GRV.
Bamboo mosaic virus (BaMV), a member of the potex-
virus group, contains a 6.4-kb single-stranded, positive-
sense RNA with five conserved open reading frames
(ORFs) (Lin et al., 1994; Yang et al., 1997). A single-
stranded satellite RNA (satBaMV) was found to be associ-
ated with BaMV infection (Lin and Hsu, 1994). This is the
only example of satellite RNA present in the potexvirus
group. The satBaMV RNA is a linear molecule of 836 nt
and contains an ORF for a protein of 20 kDa (P20) that is
flanked by a 5-UTR of 159 nt and a 3-UTR of 129 nt (Lin
and Hsu, 1994). Similar to other single-stranded satellites of
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plant viruses, satBaMV RNA shares no significant homol-
ogy with BaMV RNA except at the 5-UTR, and it is
completely dependent on BaMV for its replication and en-
capsidation (Lin and Hsu, 1994). Unlike other mRNA-type
satellite RNAs, mutations in P20 did not significantly affect
satBaMV RNA replication, suggesting that P20 is not es-
sential for replication. It can be replaced with chloramphen-
icol acetyltransferase and is expressed in coinoculated
plants (Lin et al., 1996). We previously showed that the
binding properties of P20 resemble those of plant viral
movement proteins. P20 binds strongly to ribonucleic acids,
but preferentially binds to the 5- and 3-UTR sequences of
satBaMV RNA (Tsai et al., 1999). This preference suggests
the possible formation of P20–satBaMV RNA complexes
during the infection cycle of satBaMV RNA. These findings
also suggest that the 5-UTR of satBaMV RNA possesses a
crucial role in the satBaMV life cycle. Aside from these
features, little is known about the involvement of cis-acting
sequences in satBaMV RNA replication.
Here we report the results of structural and mutational
analyses of the 5-UTR of satBaMV RNA. In this study, the
existence of a secondary structure was confirmed by enzy-
matic structural mapping, and a comprehensive set of dele-
tion and substitution mutants was analyzed for the mutant’s
abilities to replicate in Nicotiana benthamiana protoplasts
and in Chenopodium quinoa plants. This allowed us to assay
the cis-acting elements required for the replication of sat-
BaMV RNA.
Results
Secondary structure of the 5-UTR of satBaMV RNA
The secondary structure of the 5-UTR of satBaMV
RNA was predicted by the MFOLD program version 3.1
(Mathews et al., 1999; Zuker et al., 1999) to comprise one
long stem-loop (LSL) and a small stem-loop (Fig. 1). The
LSL from nt 8 to 138 includes one apical loop (AL), five
internal loops (IL-I, IL-II, IL-III, IL-IV, and IL-V), and a
four-way junction with two branched short stem-loops
(SSL-A and SSL-B). SSL-A has an adenine-rich apical-loop
(LA) and SSL-B has a cytosine-rich loop (LB).
Enzymatic probing of the secondary structure
The 5-UTR of satBaMV RNA was probed enzymati-
cally with RNases A, T1, T2, and V1 (Fig. 2). RNase A
digestion at single-stranded unpaired pyrimidines showed a
specific cleavage at C26 in SSL-A, at C41 and C103 in
IL-II, U63, U65, U80, and U82 in IL-V, and C73 in AL.
RNase T1 digestion specifically at single-stranded unpaired
guanosines showed cleavages at G46 in IL-III, G67 in IL-V,
and G75 in AL. T2 digestion nonspecifically at any unpaired
nucleotides showed a cleavage at A24–A28 in SSL-A, A40
in IL-II, A64 to G67 in IL-V, and C73 to A76 in AL. RNase
V1 digestion with paired nucleotides cleaved the following
stems: C31-U34 in SSL-A; G112, G121, and C122 in
SSL-B; C35, A36, C127, and C134 connecting IL-I and
IL-II; A100 and G101 connecting IL-II and III; C58 to C62,
including nts in IL-IV, possibly due to a stacking effect and
the stem connecting IL-IV and V; C70, C71, and G78
between IL-V and AL; C91 and C92 between IL-III and IV.
In summary, these enzymatic probings support the existence
of the computer-predicted structure in LSL
Deletion analyses of the 5-UTR for the replication of
satBaMV RNA
Ten mutants with deletions of between 7 and 47 nt were
constructed and designated as F51–F60 (Fig. 3). All dele-
tions prevented replication in N. benthamiana protoplasts
and C. quinoa plants (data not shown). Even deletion mu-
tant F55, which removed only the small stem-loop between
the LSL and the start codon of P20, failed to replicate in
protoplasts and plants. This finding suggests that this region
is also required for the replication of satBaMV RNA.
Mutational analyses of SSL-A and SSL-B for satBaMV
RNA replication
To further investigate whether a particular secondary struc-
ture of satBaMV RNA is required for replication, wild-type
(wt) BSF4 or mutants of satBaMV RNA were coinoculated
with BaMV-L RNA in protoplasts of N. benthamiana and in
plants of C. quinoa. The accumulation of BSF4 satBaMV
RNA was progressively increased by Northern blotting when
protoplasts were harvested at 8, 16, and 24 h postinoculation
(hpi), whereas the level of stem substitution mutant F71 in-
creased at 16 hpi, but declined at 24 hpi (Fig. 4B). In C. quinoa
plants, no significant RNAs of F71 were detected after 12 days
postinoculation (dpi) (Fig. 5A; Table 1). Stem disrupting mu-
tants F72 and F79 were able to accumulate in protoplasts to an
extent similar to that of BSF4, although the level of F79
declined at 24 hpi (Fig. 4B). In C. quinoa plants, the accumu-
lation of F72 was comparable to that of BSF4 in plants after 12
dpi, but the level of F79 was decreased to 33% of BSF4 (Fig.
5A; Table 1). These results suggest that the stem structures of
SSL-A and SSL-B of satBaMV RNA are not essential for
satBaMV RNA replication.
Mutational analyses of the LSL for satBaMV RNA
replication
Mutations were introduced in different loops or stems of
the LSL to determine the sequence and/or structure essential
for replication (Fig. 4A). Mutant F83 with a sequence sub-
stitution of IL-I from UCGAG129–133 to AGGUC129–133,
which alters the nucleotide composition on IL-I and likely
destabilizes the stem between IL-I and the junction from a
three base-paired stem to a two base-paired stem, showed no
replication in N. benthamiana protoplasts and C. quinoa
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plants (Fig. 4; Table 1). Mutant F75 with a change from
GGCU101–104 to CCGG101–104 of IL-II resulted in an in-
creased satBaMV RNA accumulation in protoplasts from 8
to 16 hpi and a decline at 24 hpi and showed only 7% in
plants (Figs. 4 and 5; Table 1). Mutant F80 with a change
from GCG95–97 to CCC95–97 in IL-III showed no detectable
satBaMV RNA in protoplasts and plants (Figs. 4 and 5;
Table 1). In IL-V, the sequence GUC67–69 was converted to
Fig. 1. The secondary structure of the 5-UTR of satBaMV RNA was predicted by the MFOLD program version 3.1 (Zuker et al., 1999). The structure is
composed of one long stem-loop (LSL) and a small stem-loop. The LSL includes one apical loop (AL, nt 72 to 76), five internal loops (IL-I, nt 14 and nt
130 to 132; IL-II, nt 38 to 42 and nt 102 to 106; IL-III, nt 46 to 48 and nt 96 to 98; IL-IV, nt 59 to 60 and nt 85 to 86; IL-V, nt 63 to 68 and nt 80 to 82)
and a four-way junction with two branched short stem-loops (SSL-A and SSL-B). Nucleotides are numbered from the 5-end guanine. The positions of
cleavages induced by single or double-stranded probes are indicated by symbols explained in the figure.
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CAG67–69 to generate mutant F73. This mutant failed to
replicate efficiently in both protoplasts and plants (Figs. 4
and 5). Finally, a single point mutation was introduced in
the apical loop of the LSL, changing G72 to U72 in F14. This
mutant showed a gradual increase in RNA accumulation in
protoplasts over time (Fig. 4B), but reached only 28% in C.
quinoa plants after 12 dpi (Fig. 5A; Table 1).
In terms of mutants introduced in the stem, mutant F13
with nucleotide C70 between IL-V and AL converted to U70,
which switched a CG pair to UG pair, prevented the repli-
cation in both protoplasts and plants (Figs. 4 and 5; Table
1). Mutant F84, converting the sequence GGCC87–90 to
UCGG87–90 in the stem between IL-III and IL-IV, also
prevented the replication of satBaMV RNA (Fig. 4; Table
1). Mutant F78, with changes from GUGG81–84 to CGCC81–
84, not only destabilized the short stem between IL-IV and
IL-V, but also changed part of the sequence in IL-V. With
this mutant, the accumulation of satBaMV RNA in proto-
plasts did not increase over time and was not detectable in
plants (Figs. 4 and 5; Table 1).
Covariation analyses of satBaMV variants
Six previously isolated satBaMV variants from different
locations (Liu et al., 1997) were used to determine if nu-
cleotides covary to conserve the predicted secondary struc-
Fig. 2. Enzymatic structural probing of the 5-UTR of satBaMV RNA. Enzymatic cleavage sites were generated by RNase T1 (G specific), RNase V1 (specific
for double-stranded region), RNase A (U and C specific), and RNase T2 (cleaves all unpaired nucleotides). The concentration of enzymes used in each
reaction is indicated on each lane. Lane C is the control of satBaMV RNA without RNase treatment. Lane Alk is partial digestion with alkaline buffer to
be used as a marker. Lane T1 (15 U) and lane A (1200) are RNA sequencing markers. The cleaved RNA fragments were resolved on an 8% sequencing
gel containing 7 M urea with different running time: (A) 1 h 30 min, (B) 2 h, (C) 2 h 30 min.
Fig. 3. Schematic representation of deletion mutants constructed in the
5-UTR of satBaMV RNA. The 5-UTR of wt BSF4 satBaMV RNA is
shown on top. Deleted regions of the 5-UTR are shown in dotted lines and
the number of deleted nucleotides is shown above the dotted lines.
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ture. The isolates and nucleotides involved in the covaria-
tion of the LSL region of satBaMV RNA are shown in Fig.
6. For most variants, the predicted secondary structure ex-
hibited variation in AL and LV, except for variants BSL4
and USA. In the wild-type, AL was formed by 5-nt, while
in BSL6, BSL2, and BSL3, the formation of AL was com-
posed of 4, 3, and 6 -nt, respectively. The base-paired stem
structures in the LSL region from nt 49–58 and 87–95 are
all highly conserved in all satBaMV variants (Fig. 6).
Based on the above covariation results, the essential se-
quences responsible for replication were analyzed. Five muta-
tions in the highly conserved five base-paired LSL region (nt
54–58 and 87–91) were introduced (Fig. 7A). Mutants F91
and F95 had disrupted C/G or G/C base-pairs and did not
replicate in C. quinoa plants after 12 dpi. The mutant F92 had
only one nucleotide disruption and showed an RNA accumu-
lation nearly to the level of wild-type (Fig. 7C). Mutant F94
had compensatory mutations at either C/G (57/88) to U/A or
G/C (55/90) to A/U, resulting in an 80% accumulation of
satBaMV RNA compared to the wild-type. Mutant F93 is also
a compensatory mutant with five nucleotide changes, and it
accumulated 20% more RNA than the wild-type. These results
indicate that changing C/G or G/C to A/U or U/A does not
significantly alter the accumulation of satBaMV RNA, but that
disruption of these base-pairs reduced the accumulation.
Genomic and subgenomic RNAs of BaMV were not affected
by any of the mutations (Fig. 7B). These findings provide
conclusive evidence that a secondary structure does exist in the
5-UTR of satBAMV and that the stem structures in the LSL
are critical for replication.
Mutational analyses of the accumulation of negative-
strand satBaMV RNA
Northern blot analyses at 8, 16, and 24 hpi revealed that the
accumulation of negative-strand satBaMV mutants was detect-
Fig. 4. Accumulation of satBaMV mutants in N. benthamiana protoplasts. (A) Mutational analyses of the 5-UTR of satBaMV RNA. The arrows indicate
the number, sequence, and region of mutants. (B) Accumulation of positive-strand () and negative-strand () satBaMV RNA in protoplasts coinoculated
with BaMV-L RNA and transcripts of BSF4 or mutants of satBaMV. The RNA samples were analyzed at 8, 16, and 24 hpi by Northern blotting. SatBaMV
RNA was detected with 32P-labeled RNA probes complementary to 822-nt satBaMV RNA (Lin et al., 1996). The probe for the detection of negative-strand
satBaMV RNA was transcribed from PstI-linearized pBSHE by SP6 RNA polymerase (Hsu et al., 1998). Exposure time to X-ray film for detection of
negative-strand satBaMV RNA was 10-fold longer than those for positive-strand satBaMV RNA. (C) Ethidium bromide staining of the gel prior to the
blotting shows approximately equal loading as revealed by ribosomal RNA abundance in each lane.
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able in protoplasts coinoculated with transcripts of mutants as
well as wt BSF4 satBaMV RNA (Fig. 4B). The accumulation
of negative-strand satBaMV RNA analyzed in C. quinoa
plants after 12 dpi paralleled its accumulation in protoplasts for
all mutants except for F71 [Figs. 4B and 5A(d)], which failed
to accumulate in plants after 12 dpi but did replicate in proto-
plasts. No detectable level of satBaMV RNA was noted among
any of the other mutants [Fig. 5A(d)]. In general, the level of
negative-strand accumulation, including BSF4 satBaMV
RNA, was 100-fold less than that of positive-strand accumu-
lation.
Effect of mutations on the accumulation of genomic and
subgenomic BaMV RNA
To determine whether the accumulation of helper BaMV
RNA is affected by coinoculation with satBaMV RNA and
its derivatives in C. quinoa plants, we analyzed the accu-
mulation level of genomic and subgenomic RNAs by North-
ern blotting. We found no significant difference in the level
of genomic and subgenomic RNAs between plants inocu-
lated with BaMV RNA alone or coinoculated with tran-
scripts of BSF4 or mutants at 12 dpi (Fig. 5B).
Discussion
The predicted secondary structure of 159 nt in the 5-
UTR of satBaMV RNA folds into an LSL with two
branched short stem-loops (SSL-A and SSL-B) and a small
stem-loop (Fig. 1). We confirmed the folding of LSL by
enzymatic probing with RNases A, T1, T2, and V1. Based
on this confirmed structure, we analyzed the cis-acting se-
quences required for satBaMV RNA replication. Analyses
of deletion mutants in the 5-UTR revealed that deletions
ranging from 7 to 47 nt abolished the replication in N.
benthamiana protoplasts and C. quinoa plants. These results
indicate that the sequences from different regions covering
the 5-UTR appear to be cis-required for satBaMV RNA
replication. The cis-acting signals that regulate this replica-
tion process have been found at the 5 ends of satellite
RNAs of CymRSV (Dalmay and Rubino, 1995), BNYVV
(Jupin et al., 1990), GFLV (Hans et al., 1993), and GRV
Fig. 5. Accumulation of BaMV RNA and satBaMV mutants in C. quinoa plants. (A) Accumulation of positive-strand (a, b, and c) and negative-strand (d)
satBaMV RNA in plants inoculated with BaMV-L RNA alone or coinoculated with transcripts of BSF4 or satBaMV mutants. The RNA samples were
analyzed at 4, 8, and 12 dpi (a, b, c), respectively, by Northern blotting. (d) Negative-strand satBaMV RNA was detected in C. quinoa plants after 12 dpi.
(B) Accumulation of genomic and subgenomic RNAs in plants inoculated with BaMV-L RNA alone or coinoculated with transcripts of BSF4 or satBaMV
mutants at 12 dpi. BaMV RNA was detected with 32P-labeled RNA probes complementary to 173-nt of BaMV genomic RNA (Lin et al., 1993). The probes
for the detection of positive- and negative-strand satBaMV RNA were as described in Fig 4.
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(Taliansky and Robinson, 1997). In satellites associated
with Tobacco necrosis virus and Panicum mosaic virus, the
replication was severely impaired when alteration/deletions
were made in the 5-UTR (Bringloe et al., 1999; Qiu and
Scholthof, 2000). In other subviral RNAs associated with a
number of viruses including CymRSV (Havelda et al.,
1995), Tomato bushy stunt virus (Chang et al., 1995) and
TCV (Guan et al., 1997), a 5-terminal sequence of 50–150
nt appears to be essential for the productive accumulation of
RNA.
Our results from mutational analyses of the 5-UTR of
satBaMV RNA indicated that maintaining the stem struc-
ture of LSL is essential for replication. However, the dis-
ruption of stem formation on the short branched stem-loops
SSL-A and SSL-B do not affect the replication of satBaMV
RNA at 16 hpi in protoplasts. For example, mutant F72 with
a disrupted stem at SSL-A replicates as efficiently as BSF4
up to 24 hpi in protoplasts and 12 dpi in plants. At the same
time, the compensatory mutation (mutant F71) that restores
the stem of SSL-A and the mutation that abolished stem of
Table 1
The relative accumulation level of satBaMV mutants in N. benthamiana protoplasts and C. quinoa plants
Accumulation level in N. benthamiana protoplasts
(%)a
Accumulation level in
C. quinoa plantsa at
8 16 24 (hpi) 12 dpi
BSF4 (wild-type) 100 138  7 159  13 100
Mutants in SSL-A and SSL-B region
F71 73  11 164  41 69  9 2  0.2
F72 55  4 122  15 134  6 126  12
F79 41  2 136  2 14  0.7 33  2
Mutants in LSL region
F13 22  5 27  1 13  1 0.3  0.2
F14 15  2 45  6 61  6 28  1
F73 42  9 22  1 12  0.6 1  0
F75 32  2 125  2 27  0.8 7  0.3
F78 17  0.1 28  9 4  0.3 0.9  0
F80 18  0.2 12  1 2  0 0.3  0
F83 69  5 42  9 22  0 0.7  2
F84 72  10 48  14 15  0 2  0.1
Note. SatBaMV RNA accumulation levels were measured with a PhosphorImager (Molecular Dynamics, USA).
a The average value and standard error for each mutant were calculated from three or more independent experiments. Relative percentage values were
normalized relative to RNA levels observed in protoplasts and in plants coinoculated with transcripts of wt BSF4 satBaMV.
Fig. 6. Sequence covariation in the LSL region of wt BSF4 and six other satBaMV variants (Liu et al., 1997). Nucleotides involved in covariation that are
different from BSF4 are shown in hollow letters.
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SSL-B (mutant F79) affected RNA levels only at 24 hpi in
protoplasts and at 12 dpi in plants. This decline in RNA
accumulation might be the cause of the replication shutoff at
the late infection or an effect of RNA turnover due to the
instability of mutant RNA. A similar effect was observed in
Flock house virus RNA replication (Johnson and Ball,
1999). Our covariation and mutational analyses also indi-
cated that base-paired stems than sequences in the LSL
region were important for satBaMV RNA replication. Com-
pensatory mutation (F93 and F94) in this region did not
affect satBaMV RNA accumulation, whereas disruption to
one stem (F91) or both stems (F95) abolished satBaMV
RNA accumulation. Thus, covariation analyses provided the
conclusive evidence that the structure did exist in the 5-
UTR of satBaMV RNA.
The stem-loop formation at the 5-UTR might be respon-
sible for the stability and survivability of these satellites in
vitro and in vivo (Roossinck et al., 1992). Thus, any alter-
ation in the base-paired sequence of the LSL could affect
satBaMV RNA accumulation. Based on the proposed sec-
ondary structure, substitutions in the 5-UTR also nega-
tively affected the stability of negative-strand RNAs (data
not shown). The accumulation of negative-strand RNA
could only be detected in F14, F71, F72, F75, and F79 with
better accumulation of positive-strand RNA, implying that
the 5-UTR could also be involved in the synthesis of
negative-strand satBaMV RNA. Replication of positive-
strand RNA proceeds through complementary minus-strand
intermediates, which in turn serve as templates for plus-
strand synthesis. This process requires both cis-acting sig-
nals and trans-acting factors such as virus-encoded RdRp
(Buck, 1996). cis-Acting signals required for RNA replica-
tion have been generally located to the ends of RNA mol-
ecules. In poliovirus, the 5 cloverleaf structure is a cis-
acting replication element that is needed for both stability
and negative-strand RNA synthesis (Barton et al., 2001).
Disrupting the structure of the 5 cloverleaf affected the
initiation of negative-strand synthesis but had no effect on
translation of those mutant RNAs. Similarly, deletion and
substitution mutations did not affect the translation of sat-
BaMV-encoded 20-kDa protein in an in vitro translation
assay (data not shown). Therefore, it is possible that the
disruption of sequences in satBaMV RNA more likely de-
fects the negative-strand synthesis.
Taken together, analyses of the ability of satBaMV mu-
tants to replicate in protoplasts or plants coinoculated with
helper virus RNA indicated that satBaMV RNA accumula-
tion is severely impaired when alterations are introduced in
the 5-UTR. These results demonstrate that the sequences
across the entire region of the 5-UTR are specific and the
base-paired secondary structure is critical for the replication
of satBaMV RNA.
Materials and methods
BaMV and satBaMV isolates
BaMV-V, which contains satBaMV, was isolated from
infected common bamboo (Bambusa vulgaris) and propa-
gated in C. quinoa (Lin and Hsu, 1994). BaMV-L, an isolate
derived from BaMV-V and free of satBaMV, supports the
replication of satBaMV RNA (Lin and Hsu, 1994; Yang et
al., 1997). An Infectious full-length cDNA clone of BSF4
satBaMV RNA was used in this study (Lin et al., 1996).
Purification of virions and extraction of virion RNA were
carried out as previously described (Lin and Chen, 1991).
Preparation of 5-end-labeled RNA for structural probing
For enzymatic structural probing, an RNA substrate con-
taining the 5-UTR was transcribed in vitro from NdeI-
Fig. 7. Mutational analyses in the conserved region of BSF4 satBaMV
RNA. (A) The secondary structures of the LSL region of wt BSF4 and
satBaMV mutants. Nucleotide positions involved in disruption/compensa-
tory changes are shown. (B) Accumulation of genomic and subgenomic
RNAs and (C) satBaMV mutants in C. quinoa plants after 12 dpi.
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linearized full-length pBSF4 and then purified by running
on a 5% sequencing gel. To label the 5-end of the gel-
purified transcripts, 1.5 g of transcripts were dephospho-
rylated with 1.5 units of shrimp alkaline phosphatase at
37°C for 1 h, followed by phenol/chloroform extraction, and
then ethanol precipitation prior to kinase treatment (Silberk-
lang et al., 1977). The kinasing reaction was performed in a
total volume of 20 l containing 3 l (10 Ci/l)
[-32P]ATP and 5 units of T4 polynucleotide kinase, incu-
bated at 37°C for 30 min, and then heat inactivated at 65°C
for 10 min. The labeled transcripts were purified by running
on a 6% sequencing gel and eluted by soaking in elution
buffer and shaking overnight at room temperature.
Structural prediction and probing with ribonucleases
The 5-UTR of satBaMV RNA was predicted by the
MFOLD program version 3.1 (Mathews et al., 1999; Zuker
et al., 1999). The labeled 5-UTR of BaMV RNA was
cleaved with ribonucleases at specific nucleotide. Digestion
with various ribonucleases (A, T1, T2, and V1) was per-
formed at 20°C in 60 l of RNase protection buffer (30 mM
Tris–HCl pH 7.5, 3 mM EDTA, 200 mM NaCl, 100 mM
LiCl) (modified from Tsai and Dreher, 1992) containing 1
l of the 5-end labeled transcripts (50,000–70,000 cpm),
for RNase V1, and 10 mM MgCl2 was included in the same
buffer. Before the addition of ribonucleases, labeled RNAs
were denatured by heating at 65°C for 5 min followed by
slow cooling to 20°C. Next, serial dilutions of ribonuclease
concentrations were added: 36 ng (100) to 4 ng (900) of
RNase A; 5 to 0.25 units of RNase T1; 5 to 1 units of RNase
T2; and 0.35 to 0.0175 units of RNase V1. All the reactions
were incubated at 20°C for 10 min. Reactions were stopped
by phenol/chloroform extraction and the RNAs were pre-
cipitated with ethanol, washed with 70% ethanol, and vac-
uum dried.
The location of the cleavage sites within the RNA struc-
ture was determined by electrophoretic separation of RNA
fragments on denaturing (7 M urea) polyacrylamide gels. To
present and summarize the results of these digestion pat-
terns, we chose two reactions of different enzyme concen-
trations for each ribonuclease. For each assay, a control
without any ribonuclease treatment or a ladder marker de-
natured in boiling water for 2 min, followed by partial
digestion with alkaline buffer (55 mM Na-CO3, pH 9.0, 1.1
mM EDTA) was run in parallel. The labeled RNAs were
also denatured in boiling water for 90 s, followed by cleav-
age with RNase T1 (15 units) at 55°C for 15 min and
denaturing by boiling for 30 s, by cleavage with 3 ng of
RNase A on ice for 2 min.
Construction of deletion and substitution mutants of
satBaMV
A full-length infectious cDNA clone of satBaMV,
pBSF4 (Lin et al., 1996), was used to construct different
deletion and substitution mutants. All mutants were con-
structed by site-directed mutagenesis using a two-step poly-
merase chain reaction (PCR) method (Chang et al., 1996)
with appropriate primers as shown in Table 2. For the
construction of different deletion mutants (pF51, pF52,
pF53, pF54, pF55, pF56, pF57, pF58, pF59, and pF60), a
100–150 bp fragment in the 5-UTR was amplified using
pBSF4 as a template, Pfu DNA polymerase (Promega), a
forward primer BS-19, 5-TGCCTGCAGTAATACGACT-
CACTATAGAAAACTCACCGCAACGA-3 (PstI site in
boldface, T7 promoter sequence in italics, and 5 terminal
18 nucleotides of satBaMV; Lin and Hsu, 1994), and a
specific complementary primer to the 3 end of 5-UTR
containing a desired deleted region (Table 2). The products
were purified and used for a second PCR using pBSF4 as a
template with a complementary primer BS-26, 5-CCT-
TCTCGAGTCAACTGGTTGGCGCACG-3 to the 3 of
satBaMV RNA. The resulting full-length cDNA of sat-
BaMV was digested with PstI/NdeI, ligated, and subcloned
into the PstI/NdeI site of pBSF4 to generate the deletion
mutants. All the mutant clones were sequenced to confirm
the correctness of the intended deletions.
Substitution mutations in the 5-UTR were introduced
using the oligonucleotides listed in Table 2. A total of 16
substitution mutants were constructed including two mu-
tants (pF71 and pF72) in SSL-A, one mutant (pF79) in
SSL-B, and 13 mutants (pF73, pF75, pF78, pF80, pF83,
pF84, pF13, pF14 pF91, pF92, pF93, pF94, and pF95) in the
LSL. All these substitution mutants were constructed by the
two-step PCR method as described above unless otherwise
specifically mentioned.
Synthesis of RNA transcripts in vitro
Plasmids were linearized with XbaI. RNA transcripts
with a 5 cap structure (m7GpppG) were synthesized in vitro
using T7 RNA polymerase as previously described (Lin et
al., 1996).
Protoplasts isolation, inoculation, and plant infection
Protoplasts were isolated from N. benthamiana as de-
scribed by Lin et al. (1992a). For each inoculation, 1 g
BSF4 or satBaMV mutant transcripts with 1 g BaMV-L
viral RNA (Yang et al., 1997) was coinoculated into 2 
105 protoplasts. One-month-old plants of C. quinoa were
used for inoculation. Similarly, 1 g RNA transcripts from
wt BSF4 or satBaMV mutants was mixed independently
with 1 g BaMV-L RNA and coinoculated onto five to six
leaves of each plant.
RNA analysis
Extraction of total RNA from protoplasts was performed
after 8, 16, and 24 hpi (Lin et al., 1992a). Total RNA was
isolated from leaf samples after 4, 8, and 12 dpi (Verwoerd
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et al., 1989). RNA samples extracted from protoplasts of N.
benthamiana or from leaves of C. quinoa were separated by
electrophoresis after denaturation in the presence of glyoxal
and transferred onto nylon membrane (Amersham, UK) for
Northern blot analysis (Lin et al., 1992b). Blots were hy-
bridized with specific riboprobes to detect BaMV and sat-
BaMV RNAs. The 32P-labeled BaMV-specific probe was
prepared by linearization of pBaHB with HindIII followed
by transcription with SP6 RNA polymerase, which is com-
plementary to the 3-ends of positive-strand BaMV RNA
(Lin et al., 1993). The probe, specific for the detection of
positive-strand satBaMV RNA, was transcribed from
EcoRI-linearized pBSHE by T7 RNA polymerase (Lin et
al., 1996). Likewise, the probe for the detection of negative-
strand satBaMV RNA was transcribed from PstI-linearized
pBSHE by SP6 RNA polymerase (Hsu et al., 1998). Hy-
bridization signals were detected and quantified using a
PhosphorImager (Molecular Dynamics).
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